The structures and conformational stabilities of phenylphosphonic acid and phenylthiophosphonic acid were investigated using calculations mostly at DFT/6-311G** and ab initio MP2/6-311G** level. From the calculations the molecules were predicted to exist in a conformational equilibrium consisting of two conformers which as enantiomers have the same energy, but rather unexpected dihedral angles XPCC (X being O or S) which are not equal to zero. The antisymmetric potential function for the internal rotation was determined for each one of the molecules. In these functions the conformers with zero dihedral angles appear to be stable minima (also optimization converges to this), but the vibrational frequency for the torsion turned out to be imaginary, indicating that they are maxima with respect to this symmetry coordinate. Only optimization without any restrictions and starting from a non-zero torsional angle converged to a real minimum with such a geometry ("non-planar"). For that minimum structure infrared and Raman spectra were calculated, and those for phenylphosphonic acid were compared to experimental data, showing satisfactory agreement. This gives confidence to present the spectra of phenylthiophosphonic acid as a prediction. The rather low intensity of the OH bands in the experimental infrared spectrum (as compared to normal organic acids) indicates rather weak hydrogen bonding. Normal coordinate calculations were carried out, and potential energy distributions were calculated for the molecules in the non (near)-planar conformations providing a complete assignment of the vibrational modes to atomic motions in the molecules. From the rather low rotational barriers we conclude, in agreement with results from the literature (for other P=O compounds) based on localized orbitals that conjugation effects are absent -or at least negligible -as compared to electrostatic and steric ones in determining the structures of the stable conformers in the phenyl derivatives. The P=O (and also the P=S) bond is highly polarized according to our analysis of Mulliken populations. The polarization turned out to be smaller in the thiophosphonic acid due to the smaller electronegativity of sulfur as compared to oxygen.
Introduction
In the past few years, the conformational structures of many conjugated vinyl compounds with the general formula R 2 C=CRCXO, where X could be fluorine or chlorine and R could be hydrogen or a methyl group, have been reported [1 -12] . The planar cis and trans conformers in these molecules are in general stabilized by conjugation effects as compared to the non (near)-planar gauche conformers, which leads to a much higher rotational barrier than in the corresponding saturated molecules. In propenoyl halides, the halogen and the oxygen atoms in the carbonyl groups are 0932-0776 / 10 / 0300-0357 $ 06.00 c 2010 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com competing in determining the conformational equilibrium which leads to small energy differences between the stable conformers of such molecules. In case of 2-fluoropropenoyl fluoride [7, 11] and 2-chloropropenoyl fluoride [8] , the trans conformer with the two halogen atoms directed away from each other was found to be more stable than the cis one. Furthermore, the presence of the methyl group was shown to significantly influence the conformational equilibrium mixture in the methyl-substituted propenoyl halides. For 2-methyl-2-butenoyl fluoride and chloride the trans form was found to be lower in energy than the cis form, while for 3-methyl-2-butenoyl fluoride and chloride the cis con-formers were found to be more stable than the trans conformers [12, 13] .
Some years ago we performed a study of the conformational stability of vinyl sulfonyl chloride, H 2 C=CHSO 2 Cl, and fluoride [14] because of their chemical importance and structural interest [15] . The molecules were predicted to exist predominantly in the non (near)-planar gauche conformations with the vinyl C=C group nearly eclipsed to one of the sulfonyl S=O groups again as a result of significant conjugation between the C=C double bond and one of the S=O double bonds [14] .
To extend our study of conjugated vinyl molecules to the case of an aromatic phenyl substituent at the phosphorus atom, we investigate in the present work the conformational behavior and structural stability of phenylphosphonic acid, H 5 C 6 -P(OH) 2 O, and phenylthiophosphonic acid, H 5 C 6 -P(OH) 2 S. We carried out DFT and ab initio MP2 optimizations [16] of the equilibrium geometries for the stable conformers of the molecules. The data indicate that here the planar form is a saddle point, while a non (near)-planar structure is the only stable conformer in each case (due to the C 2v symmetry of the phenyl ring). From our results we can conclude that conjugation effects are almost absent in these compounds, and that their stabilities are mainly determined by electrostatic and steric effects. Additionally, vibrational frequencies were calculated on DFT level, and a complete assignment was made for all the normal modes by employing normal coordinate calculations following [17] . Experience tells us that DFT can predict vibrational spectra very well. We also used the vibrational data to plot the IR (infrared) and Raman spectra of the molecules. The results for phenylphosphonic acid and for phenylthiophosphonic acid are presented in this work and in case of the phosphonic acid are compared to the experimental spectra. For phenylthiophosphonic acid we present a theoretical prediction of the vibrational spectra and the assignment of the spectral lines. The Raman intensities were calculated according to literature methods [18, 19] . Our interest in organophosphorus compounds arose because of the importance of such compounds in chemistry [20 -25] . Importantly, such phosphorus compounds have become very interesting also for the chemical industry, e. g. as starting materials for drug synthesis, polymer additives, flame retardants, and metal extractants [26] .
For our calculations we used the valence triple zeta basis set with polarization functions on all atoms, i. e. 6-311G**. Our previous calculations [27, 28] have suggested that this basis set is superior to the larger 6-311+G** or 6-311++G** basis sets which include diffuse functions and seem to be not very well balanced, while the smaller 6-311G** basis works quite well in a series of halo-and dihalovinyl methanes, silanes, and germanes.
Results and Discussion

DFT and ab initio calculations
The GAUSSIAN98 program [16] running on an IBM RS/6000 43P model 260 workstation was used to carry out the LCAO-MO-SCF calculations at DFT and MP2/6-311G** levels. The structures of the molecules in their most stable conformations together with the atom numbering adopted are shown in Fig. 1 .
They were optimized by minimizing the energy with respect to all the geometrical parameters. This optimization (both with DFT and with MP2) directly converged to a planar form. However, a calculation of vibrational frequencies on this structure showed an imaginary one, indicating that the optimization had converged to a maximum along one of the internal coordinates. By relaxing all symmetry constraints and starting the optimization away from the planar geometry, a true minimum was obtained for which all frequencies turned out to be real and positive. A second minimum does not exist. The perpendicular and the planar structures are maxima, the latter one with a very low barrier of only 0.60 kcal mol −1 in the phosphonic acid and 0.65 kcal mol −1 in the thiophosphonic acid. The calculated structural parameters, total energies, rotational constants, rotational barriers and dipole moments of the two molecules are listed in Table S1 (Supporting Information available online only; see note at the end of the manuscript). We could only find experimental geometrical data for vinyldichlorophosphine oxide and sulfide [29 -31] , but not for the acids or phenyl derivatives. From the calculations the barrier to rotation through the perpendicular transition state is 2.1 kcal mol −1 in the normal acid, but only 0.87 kcal mol −1 in the thioacid (see Table S2 ). The extremely small rotational barrier over the planar transition state is probably hard to detect experimentally and is so small because it involves only a slight rotation of the P(OH) 2 X (X = O or S) group, and also the O-H bonds are not rotated far out of the syn position with respect to the P=X bond. The reason for the non (near)-planar energy minimum must be too close a contact between the strongly negative X atoms and the also negatively polarized carbon atoms in the ring (see Table S3 ), which an attraction by the positively charged hydrogens in the ring cannot counterbalance. Probably there is also some steric hindrance between the X atom and those hydrogens. Note, that the OPCC dihedral angle is 5.25 • , while the SPCC angle is 12.34 • due to the size of the sulfur atom.
Torsional potential function
The potential function scan for the internal rotation about the C-P single bond was obtained by al- • (further calculations were not necessary because of the symmetry of the systems) were carried out at the DFT and MP2/6-311G** levels of calculations. However, it turned out that especially at the lower values of the CCPX angle wild, more or less undamped oscillations in the HOPX angles showed up, making the computation times for these values of the CCPX angle larger than the time limit for calculations. In order to be able to perform the calculations, we had to fix the HOPX angles in the syn position relative to the P=X bond (0 • ) and to optimize only the other internal coordinates for each CCPX angle. This torsional potential function was then represented as a Fourier cosine series in the dihedral angle (Φ):
where the potential coefficients from V 0 to V 6 (N = 6) are considered adequate to describe the potential function (as shown by the root mean square deviations, rms, of the least-squares fitting, which were 4.4 and 5.7 cal mol −1 , respectively, for the phosphonic and the thiophosphonic acid). The results of the energy optimizations were used to calculate the six coefficients by least-squares fitting. However, the potential curves calculated with fixed HOPX angles suggest a minimum (Fig. 2) in the planar geometry, and therefore we do not list the calculated potential coefficients. Due to the symmetry of the phenyl ring the potentials are symmetric with respect to the perpendicular (pp) transition state (TS, Φ = 90 • ) as shown in Fig. 2 . In the figure we show the potential functions which are symmetric around a dihedral angle of 90 • . The differences between DFT and MP2 calculations are unimportant (compare Table 2 ), and thus we do not show the MP2 potential functions. The minimum and its equivalent counterpart near the 180 • CCPX angle would correspond to a near-cis and a near-trans conformer in an asymmetric vinyl system, however, due to the sym-Description Symmetry coordinate β -CH antisymmetric stretch S 1 = r 3 − r 11 β -CH symmetric stretch S 2 = r 3 + r 11 γ-CH antisymmetric stretch S 3 = r 5 − r 9 γ-CH symmetric stretch S 4 = r 5 + r 9 δ -CH stretch S 5 = r 7 Ring-P stretch
and Ring-P deformation S 31 = λ 2 β -CH and Ring-P deformation metry of the phenyl ring they are equivalent. As expected, rotational barriers for the thiophosphonic acid are much lower than those for the phosphonic acid, because an S atom, being less electronegative than an O atom, leads to a much smaller charge separation in the PS bond as compared to the PO bond. The fact that we have no planar minima indicates that conjugation between the ring and the PX bonds are negligible. Our detailed previous study on vinyl dichlorophosphine oxide and sulfide [32] has shown that conjugation effects due to P=O and C=C bonds are, if present at all, negligible as it is the case in our acids. Furthermore, Laguna et al. [33] have stated that the PO bond is best viewed as a highly polarized triple bond and not capable of conjugation. Their conclusion was based on an investigation of localized orbitals. Thus we do not expect conjugation to play a major role in the structural stability of the acid conformers. Because of the fact that all heavy atoms around the phosphorus atom are negatively charged (hydrogens and phosphorus being positive) we conclude that a large part of the stabilization of the non (near)-planar min- imum is of electrostatic nature. However, also steric effects must not be excluded.
Vibrational frequencies and normal coordinate analyses
Our molecules in their non (near)-planar conformations have C 1 symmetry, and the vibrational modes span the irreducible representation 45 A and should be polarized in the Raman spectra of the liquids. Normal coordinate analyses were carried out for the stable non (near)-planar conformers of the molecules in order to provide a complete assignment of the fundamental vibrational frequencies. A computer program was written by one of us (W. F.) for this purpose following Wilson's method [17] . The cartesian coordinates for the stable conformers together with the normal modes (in cartesian coordinates) and the frequencies from the GAUSSIAN98 output were used as input in the program. An over-complete set of internal coordinates (Table S4 ) was used to form symmetry coordinates ( dundant internal coordinates and eliminates them from the symmetry coordinates. The normal modes were next transformed to massweighted cartesian coordinates, which were then used to calculate the force constant matrix. This was diagonalized, and its eigenvectors and eigenvalues were used in the further calculations. Following this step the force constant matrix was transformed to internal coordinates. To ensure correctness, this transformation is checked in the program numerically in both directions.
At this point the force constant matrix in internal coordinates could be scaled if desired, back-transformed to mass-weighted cartesians and diagonalized again to get scaled frequencies and normal modes. The matrix was finally transformed to symmetry coordinates where again all possible numerical checks were performed.
In the next step the normal modes were also transformed to symmetry coordinates. Finally, the potential energy distribution (PED) for each normal mode among the symmetry coordinates of the molecules in their stable conformation was calculated. A complete assignment of the fundamentals was proposed. The assignments were made based on calculated PED, infrared band intensities, Raman line activities and depolarization ratios, and experimental data for phenylphosphonic acid. The data of the vibrational assignments for phenylphosphonic acid are given in Table 2, those for phenylthiophosphonic acid in Table 3 .
As is obvious from the Table, the normal modes in our phenyl-substituted rings are mostly not very pure symmetry coordinates, but mix several of them together. The antisymmetric torsion is a pure vibration in both acids with very small wave numbers (33 and 17 cm −1 ). These small wavenumbers are a further indication for the absence of conjugation, which would imply larger ones, if present. Further they explain the difficulties in the optimizations. The following modes are highly mixed, with three to four symmetry coordinates involved. Relatively intense bands among them in the IR spectrum are calculated around 200 cm −1 and contain mainly POH symmetric and antisymmetric wags, both in the phosphonic and in the thiophosphonic molecule. The most intense Raman line is for both molecules the antisymmetric torsion, which is so high that the others can be seen mostly just in an enlarged inset (see below). Another rather intense feature is calculated around 400 cm −1 again for both molecules, containing PO 2 twist and wag.
Besides the antisymmetric torsion the second highest line in the Raman spectra is the pure ring breathing around 1000 cm −1 , which in the thio derivative is mixed with other ring deformations. In the phosphonic acid rather pure normal modes can be found at 408 (92 % S 38 , another ring deformation), 834 (79 % S 23 PO 2 symmetric stretch), 876 (82 % S 41 , PO 2 antisymmetric stretch), and 1283 cm −1 (87 % S 22 P = O stretch), most of them with rather large transmittance. In the thiophosphonic acid rather pure normal modes can be found at 408 (94 % S 38 , another ring deformation), 1019 (82 % S 42 POH antisymmetric bend), and 1034 cm −1 (79 % S 24 , POH symmetric bend), most of them with rather large transmittance. In the thiophosphonic acid the degree of mixing is somewhat higher than in the phosphonic acid.
Calculation of replotted experimental vibrational spectra
The methods used for the calculation of theoretical vibrational spectra from the data provided by GAUS-SIAN98 are outlined briefly in the Appendix contained in the Supporting Information (available online only; see note at the end of the manuscript). Here we want to show shortly the way of replotting experimental spectra found in the literature. In order to obtain comparable spectra from our experimental one [34] and the theoretical infrared and Raman spectra of the phosphonic acid, we have replotted the experimental spectrum. We obtained the wavenumbers and peak intensities for each line from the experimental infrared spectrum, and in order to replot it we have assumed a constant line width ∆k = 10 cm −1 in both spectra. For the experimental one we assumed a Lorentzian line shape for each of the lines, j,
where the peak hights I j can be measured from the experimental spectra and thus
and from this follows
where I j is the distance between the peak of the line and the base line of the experimental spectrum. The final spectrum is then the superposition of all experimental lines j
and T (k) is rescaled such that the largest absolute value of the transmittance is equal to unity. The Raman spectrum is treated in the same way, just with intensity instead of transmittance.
Discussion of spectra
In Fig. 3 we show the calculated infrared (IR) spectrum together with the experimental one, replotted from the website [34] as described above for the stable non (near)-planar conformer of phenylphosphonic acid.
As mentioned above, the largest IR intensities belong clearly to the bands in the skeletal or fingerprint region of the molecule. Note, that the spectrum Fig. 3 . Infrared spectrum of phenylphosphonic acid as calculated with the DFT/B3LYP method in a 6-311G** basis set (lower panel) and the experimental spectrum (upper panel) which starts out at around 400 cm −1 and is replotted with a line width of 10 cm −1 in order to be better comparable with our theoretical spectrum. was recorded only above about 400 cm −1 . In the region of 200 -500 cm −1 , wavenumbers are calculated which belong to a considerable extent to motions of the PO 2 group, namely wag, twist, scissor, and rock. We expect them to have some intensity because of the charge separation in the P-O bonds of about +e at P and −0.5 e at O. We have to assign the rather intense and closely spaced group of bands around 500 cm −1 in the experimental spectrum to those motions. The corresponding group of lines in the calculated spectrum is not that closely spaced and tends to be a bit lower in frequency. One of the most intense bands both theoretically and experimentally is the P=O stretch in the phosphonic and the P=S stretch in the thiophosphonic acid, which is a pure normal mode in the former at about 1300 cm −1 and a mixed one in the latter at about 850 cm −1 . This is again due to the polarization of the P=X group which is about +e for P and about −0.58 e for O in the phosphonic and about −0.45 e for S in the thiophosphonic acid, the charge on S being less than that on O, due to the larger elec- Fig. 4 . Raman spectrum of phenylphosphonic acid as calculated with the DFT/B3LYP method in a 6-311G** basis set (lower panel) and the experimental spectrum (upper panel) which starts out at around 250 cm −1 and is replotted with a line width of 10 cm −1 in order to be better comparable with our theoretical spectrum. tronegativity of O. The mode is lower in wavenumber for P=S than for P=O because the PS bond is weaker than the PO bond. Ring deformations are calculated between 1300 and 1650 cm −1 and are quite intense features also in the experimental spectrum. The most intense and characteristic line of those is as expected the one at 1017 cm −1 for phenylphosphonic acid which is 35 % ring breathing, S 12 .
The two bands which are highest in wavenumber are composed from O-H symmetric and antisymmetric stretch. The bands are a broad feature in the experimental spectrum, which cannot be seen in our replot because there we assign a line width of 10 cm −1 to all the bands. However, it has to be noted that the intensity of the O-H stretches in the experimental IR spectrum is lower than expected for a normal organic acid. This indicates that hydrogen bonding is rather weak in the system, so that mainly the bands of the dimer contribute to that feature. The reason for that must be the steric requirements of the phenyl ring. The theoretical and experimental [34] Raman spectra for the phosphonic acid are shown in Fig. 4 .
In the calculated Raman spectra of the two compounds the largest intensity is calculated at the line corresponding to the antisymmetric torsion, being so high in intensity that the other lines can be seen only in an enlarged inset. This effect is not seen in the experimental Raman spectrum of the phosphonic acid, because there recording starts only above roughly 200 cm −1 .
As expected, the second highest intensity (highest in experiment) occurs at ring motions (which lead to the largest changes in polarizability) around 1000 cm −1 , both theoretically and experimentally at roughly the same wavenumber.
Since theory reproduces the experimental spectra rather well for phosphonic acid, we show in Fig. 5 the theoretical spectra for the thiophosphonic acid.
The general appearance of the spectra is very reasonable as discussed above, and we are in no doubt that Fig. 5 is a reasonable prediction of those spectra. Also the assignments given in Table 3 we expect to be rather correct.
Conclusion
One of our main conclusion is that the structural properties of the phenylphosphonic and phenylthiophosphonic acids are dominated not by conjugation but by electrostatic and steric effects. Vibrational spectra are reproduced rather well by DFT calculations for the phosphonic acid, which leads us to the conclusion that our prediction of the vibrational spectra of the thiophosphonic acid should be a reasonable one, as well as the assignments. Tables S1 -S4 Table S1 . Calculated structural data, rotational constants, barriers for the rotation between the two non-planar minima through the planar maximum, and dipole moments for non-planar phenylphosphonic acid (PO) and phenylthiophosphonic acid (PS), obtained with the DFT/B3LYP methods and a 6-311G** basis set. Table S2 . Total, E t , (Hartrees) and relative, E r , (kcal mol -1 ) energies as calculated using the MP2
Supporting information
(where available) and DFT method (6-311G** basis set) for the minima (non-planar, np) and transition states (planar, p, and perpendicular at 90 ° XPCC torsional angle, pp) for phenylphosphonic (PO) and phenylthiophosphonic (PS) acids. Table S3 . The partial charges, Q (in electronic charges), on different atoms obtained by Mulliken population analyses in calculations done by the DFT/B3LYP method using a 6-311G** basis set for the most stable conformers (np) of phenylphosphonic (PO) and phenylthiophosphonic (PS) acids. Table S4 . Internal coordinate definitions (for atom denotation, see Fig. 1 ) for phenylphos-phonic (X = O) and phenylthiophosphonic (X = S) acid. Table S1 . Calculated structural data, rotational constants, barriers for the rotation between the two non-planar minima through the planar maximum, and dipole moments for non-planar phenylphosphonic acid (PO) and phenylthiophosphonic acid (PS), obtained with the DFT/B3LYP methods and a 6-311G** basis set.
_________________________________________________________________________ PO (X = O) PS (X = S) _________________________________________________________________________
Bond lengths (Å) P 7 = X 13 1.480 1.945 C 1 -P 7 1.800 Since the two equivalent minima are not perpendicular but near planar, there must be another maximum between the two np minima, but we did not locate it for MP2, b in the corresponding frequency calculation always one imaginary frequency appeared, pointing to a maximum, c taken from the scans, i.e. the XPOH torsional angles were kept fixed at 0 °. 
